Glutamate synthase was purified about 250-fold from Nocardia mediterranei U32 and characterized. The native enzyme has a molecular weight of 195,000 ± 5,000 and is composed of two nonidentical subunits with molecular weights of 145,000 ± 5,000 and 55,000 ± 3,000. 
In most procaryotes, the enzyme glutamate synthase [L-glutamate:NADP+ oxidoreductase (transaminating) (EC 1.4.1.13)] (GOGAT), together with glutamine synthetase [L-glutamate:ammonia ligase (ADP forming) (EC 6.3.1.2)] (GS), has been considered to be an alternative to glutamate dehydrogenase in ammonia assimilation (25) . These enzymes catalyze the overall amination of a-ketoglutarate to glutamate, with glutamine as the intermediate: GOGAT was first discovered in ammonia-limited cultures of Klebsiella aerogenes (23) and is now known to occur in several bacteria (13, 16) , as well as in yeasts and plants (22) . The enzyme has been purified to homogeneity from Escherichia coli (15) , K. aerogenes (24) , Bacillus megaterium (6), Bacillus licheniformis (21) , Azospirillum brasilense (19) , and Saccharomyces cerevisiae (12) . The bacterial enzyme is an iron-sulfur flavoprotein which is composed of two dissimilar subunits.
Actinomycete species produce many important antibiotics, but the physiological parameters that regulate antibiotic production are poorly understood. We are interested in the regulation of the biosynthesis of rifamycin SV by Nocardia mediterranei U32 (17) and have begun to investigate nitrogen metabolism in this organism (7) . N. mediterranei U32 assimilates ammonia during growth in the presence of a low ammonia concentration via the GS-GOGAT pathway but utilizes alanine dehydrogenase when grown in the presence of excess ammonia (B. G. Mei, Ph.D. thesis, Shanghai Institute of Plant Pathology, 1986). The purification, properties, and regulation of GS from N. mediterranei U32 have been reported (14) . In this report we describe the purification and properties of GOGAT from this organism. We believe that it is the first purified enzyme of its kind among the actinomycetes. * Corresponding author.
MATERIALS AND METHODS
Organism and cultivation. The culture used was N. mediterranei U32, provided by The Shanghai Third Pharmaceutical Plant. This strain produces rifamycin SV in high yield. The culture was inoculated into a chemically defined medium (4.0% glucose, 0.2% (NH4)2SO4, 0.1% K2HPO4, 0.1% MgSO4-7H20, 0.1% NaCl, 0.5% CaCO3, 0. (ii) Protamine sulfate precipitation. Protamine sulfate (0.1 g/100 ml) was added to the supernatant fluid from step i. After being stirred for 30 min, the mixture was centrifuged.
(iii) Ammonium sulfate precipitation. The supernatant fluid from step ii was adjusted to 40% (NH4)2SO4 saturation with the solid salt. The solution was then adjusted' to pH 7.0, stirred for 30 min, and centrifuged. The pellet was discarded, and the supernatant fluid was adjusted to 65% saturation with (NH4)2SO4. After being stirred for 30 min, the suspension was centrifuged. The supernatant fluid was discarded, and the pellet was dissolved in a minimal amount of buffer supplemented with 50 mM KCl. The solution was dialyzed against several changes of 10 to 20 volumes of the buffer.
(iv) DEAE-cellulose chromatography. The retentate from step iii was applied to a DEAE-cellulose (Whatman DE52) column (3.0 by 40 cm) previously equilibrated with buffer supplemented with 50 mM KCI. Protein was eluted from the column by using a 1.0-liter linear gradient of 100 to 600 mM KCl in buffer. The fractions that contained most of the enzyme activity (450 mM KCl) were pooled and dialyzed overnight against buffer.
(v) DEAE-Sephadex A-50 chromatography. The enzyme solution from step iv was applied to a column (2.0 by 30 cm) of DEAE-Sephadex A-50 previously equilibrated with buffer supplemented with 50 mM KCl. Protein was eluted from the column by using a 600-ml linear gradient of 100 to 600 mM KCl in buffer. The fractions that contained most of the enzyme activity (450 mM KCl) were pooled and dialyzed against 20 mM potassium phosphate buffer (pH 7.4) containing 10 mM 3-mercaptoethanol, 2 mM a-ketoglutarate, 1 mM EDTA, and 10% glycerol.
(vi) Hydroxyapatite chromatography. The dialyzed fractions were applied to a column (2.0 by 5.0 cm) of hydroxyapatite previously equilibrated with potassium phosphate buffer as described above. Elution was carried out with equilibrating buffer. Under the conditions used, most of the proteins were adsorbed to the column and the enzyme was eluted. The fractions that contained most of the enzyme activity were pooled and dialyzed against potassium phosphate buffer containing 5% (NH4)2SO4.
(vii) Phenyl-Sepharose CL-4B chromatography. The enzyme solution was applied to a phenyl-Sepharose CL-4B column (1.0 by 7.0 cm) equilibrated with potassium phosphate buffer containing 5% (NH4)2SO4. Protein was eluted from the column by using a 60-ml linear gradient of 2 to 0% (NH4)2S04 in potassium phosphate buffer. The fractions containing most of the GOGAT activity were pooled and concentrated to a volume of 5 ml by dialysis against polyethylene glycol 6000.
(viii) Bio-Gel filtration. The enzyme solution from step vii was applied to a column (2 by 60 cm) of Bio-Gel A1.5 (200 to 400 mesh; Bio-Rad Laboratories) equilibrated with potassium phosphate buffer containing 50'mM KCl, the protein was eluted with the same buffer at a rate of 12 ml/h, and fractions (1.5 ml) were collected. High GOGAT activity appeared in fractions 60 to 64.
A 246-fold-purified GOGAT was isolated from N. mediterranei U32 grown with ammonia as a nitrogen source, with a 4.1% yield (Table 1) . One major band was detected when the purified enzyme was examined by disc polyacrylamide gel electrophoresis (Fig. 1) .
Enzyme stability. Instability of GOGAT has been reported, with a loss of activity of 2%/h at 0°C (20, 22) . Loss of activity was also observed in the present work when the enzyme was unprotected. The stability of GOGAT in the absence and presence of substrates and other compounds was studied as a function of both time and temperature before the purification procedure was established. The unprotected enzyme was unstable, losing 65% of its activity in 24 h at 4°C. The addition of 2 mM a-ketoglutarate resulted in partial protection against inactivation at 4, 28, or 37°C, whereas incubation with 2 mM L-glutamate or NADP resulted in only a slight protection of enzyme activity. The presence of a reducing agent was essential for stabilization. When 2 mM at-ketoglutarate, 10 mM p-mercaptoethanol, and 10% glycerol were present together, there was marked enhancement of enzyme stability, with 50 to 60% of the activity retained after 7 days at 4°C. Therefore, the enzyme was purified in the presence of a-ketoglutarate, 3-mercaptoethanol, and glycerol.
Molecular weight and subunit composition. The molecular weight of the native enzyme, determined by sucrose density gradient centrifugation, is 195,000 + 5,000. SDS-gel electrophoresis of the purified enzyme showed two protein bands, with molecular weights of 145,000 + 5,000 and 55,000 3,000 (Fig. 2) .
Spectral characteristics. The UV-visible spectrum of GOGAT from N. mediterranei is shown in Fig. 3 Substrate specificity. In the assay system, no activity could be detected when NADPH was replaced by NADH. When pyruvate and oxalacetate were substituted for glutamine and a-ketoglutarate, respectively, there was approximately 10% of the control activity, but this activity could have been due to impurity of the reagents. NH4Cl substituted for glutamine to a small degree, yielding about 14% of the control activity.
Kinetic parameters. The enzyme has a relatively broad pH optimum, with maximum activity between 7.5 and 8.5. The saturation kinetics for N. mediterranei GOGAT were hyperbolic for all substrates. The apparent Km values for aketoglutarate, L-glutamine, and NADPH were 77, 53, and 110 ,uM, respectively.
Inhibition of enzyme activity. The effects of various compounds on GOGAT activity were studied under two different assay conditions: (i) with all substrates at saturating concentrations, and (ii) with the concentration of substrates limiting. Glutamate and NADP, products of the enzyme, were potent inhibitors of the activity. They are probably competitive with respect to the substrates, since they caused more inhibition at nonsaturating than at saturating concentrations of the substrates. Boland and Benny (3) reported that glutamate is a competitive inhibitor with respect to aketoglutarate but not with respect to glutamine, whereas NADP may be a competitive inhibitor with respect to NADPH. Of the tricarboxylic acid cycle intermediates tested, only malate produced more than 50% inhibition at 5 mM under standard assay conditions. Fumarate did not produce significant inhibition at the same concentration, but isocitrate and succinate produced 35 and 25% inhibition, respectively. The inhibition by these metabolites decreased when the concentration of substrates was limiting. Of the eight amino acids tested, L-tryptophan produced strong inhibition, whereas L-methionine showed no effect. Amino acids which produced less than 50% inhibition at 5 mM included L-asparagine, L-sernne, L-leucine, L-histidine, glycine, and L-alanine, but they caused more inhibition at nonsaturating than at saturating concentrations of the substrates.
DISCUSSION
GOGAT from N. mediterranei was purified to homogeneity by protamine sulfate and ammonium sulfate precipitation and DEAE-cellulose and DEAE-Sephadex A-50 chromatography, followed by hydroxyapatite and phenyl-Sepharose CL-4B chromatography and Bio-Gel filtration. By these procedures, a 246-fold purification was achieved with a 4% yield. Loss due to denaturation was mainly in the gel filtration step. The enzyme lost its activity when it was adsorbed to the hydroxyapatite column and then eluted with buffer. The buffer system of choice is one in which most of the extraneous proteins are adsorbed, whereas the enzyme is not. All attempts at purifying the N. mediterranei GOGAT by Red-Sepharose CL-6B and Affi-Gel Blue column chromatography were unsuccessful.
Of major importance in obtaining purified enzyme was the stabilization of activity. Due to instability, only a few GOGATs from microorganisms have been purified to a homogeneous form (6, 12, 15, 19, 21) . Examination of a number of potential stabilizers, including substrates, products, and other compounds, led to the finding that the stability of GOGAT is increased by a-ketoglutarate, -mercaptoethanol, and glycerol.
In some respects, the GOGAT from N. mediterranei appears to be very similar to the GOGATs obtained from several unicellular bacteria (15, 19, 21, 24) . For instance, GOGAT purified from either E. coli (15) (11) show a quaternary structure of the type ta44, whereas those from K. aerogenes (24), B. licheniformis (21) , Thiobacillus thioparus (1) , and N. mediterranei are of the aot type.
We found that the N. mediterranei GOGAT has an absolute requirement for NADPH. However, the enzyme shows catalytic activity when ammonia replaces glutamine as the amino-group donor. Similar NH3-dependent activity has been detected for GOGATs from E. coli K-12 (10), K. aerogenes (24) , and B. megaterium (6) . The Km values of N. mediterranei GOGAT for a-ketoglutarate and L-glutamine are in the range of those reported for GOGATs from other sources. The Km of the N. mediterranei enzyme for NADPH is an order of magnitude higher than those reported for the enzymes from S. cerevisiae (12) , E. coli (15) , and K. aerogenes (24) .
GOGATs from other organisms have been shown to be relatively insensitive to regulation by feedback inhibition (15, 21) . Of 14 compounds tested, NADP and glutamate were the strongest inhibitors of the enzyme, possibly acting as product inhibitors. Tricarboxylic acid cycle intermediates (malate, isocitrate, and succinate) and some amino acids (Try, Asp, Gly, Leu, and Ala) produced inhibition to a small degree. Met inhibited the E. coli enzyme more than 50% at 50 mM (15) , whereas it had no effect on the activity of the N. mediterranei enzyme. It is noteworthy that there are differences in the inhibition of GOGAT and GS from N. mediterranei by amino acids. The fact that tryptophan and histidine produce stronger inhibition and that glycine, serine, and alanine produce weaker inhibition of GOGAT than GS does suggests that GOGAT and GS from N. mediterranei are regulated differently.
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